Cluster planting has become a conventional establishment method for oaks in Central Europe, where the spacing of seedlings within clusters varies between 'nests' (0.2×0.2 m) and 'groups' (1×1 m). Although the space between clusters is expected to fill with voluntary regeneration, its competitive effect on oak growth and quality had not been studied yet. & Aims The aim of the study was to analyse the effects of inter-and intraspecific interactions on growth and quality of oaks grown in cluster plantings by quantifying the influence of neighbouring trees. In addition, we analysed whether the spatial position of oaks within groups (inner section or periphery) influenced their quality development. & Methods Using Hegyi's competition index, the influence of competition from intra-and interspecific trees from early, midand late-successional species, on diameter, height, slenderness and quality (length of branch-free bole) of 10-to 26-year-old oaks grown in cluster planting stands was quantified at seven sites in Baden-Württemberg and Hessen, Germany. & Results In general, mid-and late-successional trees exerted a stronger competitive influence on growth of target oaks in clusters than the conspecific oaks and pioneer tree species. Oak quality development benefited from intraspecific competition, but self-pruning was not further promoted through additional interspecific competition. Within groups, inner oaks had a higher probability of developing into potential future crop trees than outer oaks. & Conclusion Our study showed that intra-and interspecific competition had different effects on target oak trees and that these effect differed between nest and group plantings. The development of naturally regenerated and planted trainer trees in group plantings should be monitored carefully and if necessary be controlled through thinning or pollarding.
Introduction
Traditional reforestation methods aim to achieve full site occupancy at an early stage of stand development through the planting of a sufficient number of individuals of the desired tree species (Drouineau et al. 2000) . However, this conventional approach has a few disadvantages including high costs for site preparation, plants and planting (Gockel 1995; Ehring and Keller 2006) . In addition, the resulting early stand development phases often lack typical post-disturbance characteristics such as highly diverse early successional vegetation leading to complex food webs and residual structures (Swanson et al. 2010 ). Therefore, low-input reforestation methods have been developed that combine a reduced number of planted target tree species per hectare with natural regeneration in the remaining area (Drouineau et al. 2000) . Cluster planting is an example of low-input planting designs aiming to save planting costs, promote natural succession of other species as well as foster development of high-quality hardwood trees in young stands (Saha et al. 2012 (Saha et al. , 2013 . The planting of oaks in widely spaced clusters using ca. 2,100-4,200 seedlings ha −1 was introduced in Central Europe in the 1980s and 1990s
as an alternative to traditional row planting, which used higher seedling densities of 5,000-10,000 ha −1
. Oak clusters have been classified as 'nests' (nest planting) or 'groups' (group planting) that consist of 20-30 seedlings planted in an aggregated manner with 0.2 or 1 m 2 initial spacing and approximately 200 or 100 such uniformly distributed clusters per hectare, respectively (Gockel 1995; Szymanski 1986 ). However, the initial number of clusters per hectare and seedlings planted per clusters varied across nest (150-200 nests ha ) planting trials established in Central Europe (Brang and Bürgi 2004; Saha et al. 2012 Saha et al. , 2013 . Trainer trees from shade-tolerant species such as Carpinus betulus L., Tilia cordata Mill. and Fagus sylvatica L. are commonly planted at varying densities at the periphery of the oak groups, although this was not done for the nest plantings analysed in this study. The spaces left unplanted between clusters are usually occupied by natural regeneration of woody plants, often of early, mid and late-successional tree species. These may increase tree species richness and contribute significantly to stand productivity (Saha 2012; Saha et al. 2013) .
Conventional management of oaks for high-quality timber aims at crown closure of stands within 10-15 years after establishment to promote intraspecific competition and thus self-pruning of trees (Röhrig et al. 2006) . For a fully stocked oak stand, a typical silvicultural goal is to produce 60-80 crop trees ha −1 at the end of the production cycle, which may be reached after 130 to 180 years depending on site productivity. These should be vigorous trees that have a branch-free bole of ca. 8-10 m and a straight stem and be fairly evenly spaced (von Lüpke 1998) . Whether this goal can be achieved with the cluster planting design may be questioned for two reasons. Firstly, the natural regeneration of other tree species occurring between clusters may grow faster than oaks and pose strong competition to oaks, thus reducing the probability that vigorous oaks develop within clusters. Secondly, quality development of oak stems may not proceed as desired, if there is significant variability in crown closure and hence competition between neighbouring trees. For example, if trees between clusters regenerate much later, only sparsely, or grow substantially slower, self-pruning of oaks in clusters, in particular of trees in the perimeter of clusters, may be delayed (Guericke et al. 2008; Leder 2007; Petersen 2007) . The early proponents of cluster planting assumed that the protection of inner oaks by outer oaks from interspecific competition and browsing would facilitate inner oaks to develop into potential future crop trees (Szymanski 1986; Gockel 1995) . Recent findings on the importance of interspecific competition confirm this hypothesis (Saha et al. 2012) . It has also been suggested that there must be enough interspecific competition from naturally established trees between the clusters to ensure that the oak trees self-prune and thereby improve quality (Dong et al. 2007 ). These assumptions, however, were never tested, and the effects of naturally regenerated and planted trainer and conspecific trees on the development of oaks established and grown in clusters have not been quantitatively evaluated. Previous studies on the effect of fast-growing broadleaved tree species (e.g. Betula pendula Roth, Populus spp., Salix spp.) on diameter and height growth as well as on stem quality of oaks in conventional stands established by row planting yielded contradictory results (Rock et al. 2004 ). In the majority of these studies, competition was not quantified, and moreover, intra-and interspecific interactions were not separated (Ammer and Dingel 1997; Petersen et al. 2009; Rock et al. 2004) . Therefore, we aimed to analyse the effects of intra-and interspecific interactions on growth and quality of oaks grown in cluster plantings by quantifying the competitive influence of neighbouring trees. Specifically, we aimed to test the following hypotheses:
1. The effect on growth of young oaks in nest and group plantings differs between competitive influences exerted (a) intraspecifically by other oaks and (b) interspecifically by pioneers (early successional tree species) and (c) midand late-successional tree species. 2. Intra-and interspecific competition does not differ in their influences on quality development (measured as branchfree bole length) of young oaks grown in cluster plantings. 3. Quality development of oaks in the inner part of groups is superior compared to that at the perimeter. Inner oaks therefore have a higher probability of emerging as potential future crop trees.
Materials and methods

Study sites
Seven locations with stands established as group or nest plantings of oak (Quercus robur and Quercus petraea) were sampled in Baden-Württemberg and Hesse, Germany (Table 1) . Mean annual temperature and rainfall vary among these sites between 6.5 and 10.2°C and 670-832 mm, respectively, with the majority of precipitation occurring in the growing season between May and September (Gauer and Aldinger 2005) . The dominant soil type across study sites is a stagnosol originating from basalt loam, silt stone or sandstone, with the exception of Altenheim (gleyic cambisol), originating from alluvial deposits covered by a layer of loess. The resulting site conditions provide for moderate growth rates of oak, which are according to yield tables equivalent to a mean annual increment of 7.5-8.5 m 3 ha −1 year −1 over a 100-year rotation (Table 1) .
On average, the area of each inventoried stand was about 1 ha. Reforestation with oaks took place between 1986 and 2000 after previous stands of mainly coniferous species (Picea abies (L.) H. Karst., Pseudotsuga menziesii (Mirb.) Franco) were uprooted by storms or clear-felled. Manual site preparation prior to planting was restricted to patches where the oak clusters were planted. As part of the basic planting design, a varying number of trainer trees were planted around oak groups ( Table 2) .
The stands were fenced off during the very first years after establishment to avoid browsing of seedlings. All reforestations were adjacent to existing forests, usually mature mixed oak as well as mixed and pure conifer stands. Few naturally established pioneer, mid and late-successional trees were removed once in stands at Gerlingen and Lerchenfeld 5-8 years after planting. However, those tending operations were only carried out in the periphery of clusters and tree species were not preselected before removal. No tending operations were carried out at other sites. Nevertheless, at the time of our inventory, when stands were 20-26 years old, pioneer as well as mid-and late-successional species were abundant, which may be partially attributable to coppicing of the removed trees. In the younger stand of Altenheim, which is located in a moist site close to the river Rhine, abundant natural regeneration of mid-and late-successional species of Acer pseudoplatanus L. and C. betulus were found (Saha 2012; Saha et al. 2013) . Mean height and diameter at 1.3 m (DBH) of oaks grown in cluster plantings ranged between 6-9.5 m and 5-11.5 cm, respectively, and the length of the branch-free bole varied from 3.3 to 4.6 m (Tables 3 and 4).
Sampling design and data collection
We established systematic inventory strips along rows of nests or groups to cover at least one third of the area of each stand. Strips were not established at the boundaries of stands to avoid edge effects, skidding trails and forest roads. Within inventory strips, we measured DBH of all oaks and trainer trees and recorded stem form and crown type of all cluster oaks in the summers of 2010 and 2011. We used a morphological classification for the assessment of stem form and crown shape as proposed by Börner et al. 2003 and used by Kuehne et al. 2013 , Saha et al. 2012 for young oaks. Stand-specific height curves for every species based on DBH were developed to calculate tree height of all individual trees. We calculated tree height to DBH ratio (height-to-diameter (HD) ratio) as an indicator of individual tree stability. High HD ratios indicate poor physical tree stability, which is relevant for young oaks in situations of snow load. Vigorous, dominant or co-dominant oaks with straight stems and monopodial crowns were classed as potential future crop trees and served as target trees for the competition analysis. In case of multiple potential future crop trees per nest or group, all were considered as target trees in the competition analysis. At fertile sites, dominant and codominant trees would exert higher competitive pressure on target trees than suppressed trees due to size asymmetric competition for light (Pretzsch and Biber 2010) . Based on this assumption, trees with heights equal or greater than two thirds of the respective target tree were selected as competitors in a circle with a radius of 3 m around target trees. Species identity, distance, and DBH of each competitor within that circle were recorded. Apart from intraspecific competitors (oaks), all other competing trees were classified into two broad groups based on their occurrences in successional dynamics: (a) pioneers, which included early successional species (B. pendula, Salix caprea L., Salix alba L., Populus tremula L., Pinus sylvestris L., and Sorbus aucuparia L.) and (b) mid-and late-successional species (Fraxinus excelsior L., A. pseudoplatanus , Acer platanoides L., P. abies (L.) H. Karst., P. menziesii (Mirb.) Franco, C. betulus, T. cordata and F. sylvatica). In addition to successional status, these species groups differ in their shade tolerance and, hence, in their ability to cast shade, which is higher in the latter group (Tonioli et al. 2001; McLeod et al. 2001) . We finally combined intra-and interspecific competition to calculate aggregate competition, which was the total amount of neighbourhood competition exerted on target trees. To quantify competition intensity, Hegyi's competition index was calculated (Hegyi 1974 ). Hegyi's index has been successfully used to quantify tree competition and has proved to be as suitable as other height-and crown-based indices in young, mixed broadleaved stands in Germany (Ammer et al. 2005) .
Testing of the third hypothesis was restricted to group plantings, since the original location of oaks within nests could not be determined owing to high mortality rates. To address the third hypothesis, we used all oaks inventoried in the group plantings, which were divided into 'inner oaks' and 'outer oaks' (Saha et al. 2013 ).
Statistical analysis
For the first and second hypothesis, we analysed the influence of competition (aggregate and intra-and interspecific competition exerted by different tree groups) on DBH, height, HD ratio and branch-free bole length of target oaks. Since there may be interactions between these three types of competition, we did not use one additive model to test for their effects on target oaks. First, we calculated the overall impact from aggregate competition on these variables (Eq. 1). Here, we included all competitors irrespective of their species to test the impact of total neighbourhood competition on target oaks from tree species groups classified based on their successional status. Then, we separately calculated the impacts of competition from different tree species groups (Eq. 2). For this purpose, we built interaction terms between the tree species groups to identify interactive effects on target oaks. We used generalized linear models (GLMs) to study the effects of competition on DBH, height, HD ratio and branch-free bole length of target oaks. We chose the GLM approach for our analysis because it permits fitting of linear models to any distribution function included in the exponential family by performing maximum likelihood analysis (McCullagh and Nelder 1989) . Fitting tree height and DBH to exponential and power functions have been shown to be a biologically sound approach for age-independent models when S.E. standard error, N number of oaks inventoried variability in outcomes among these variables can be expected in forest stands (Wykoff 1990; Gea-Izquierdo et al. 2008) . GLM directly fit the expected mean of the dependent variable, hence avoiding the biases for transformed (e.g. log-transformed) linear models (McCullagh and Nelder 1989) . In competition analyses, the structure of GLMs was as follows: 
where Y i was the random component or dependent variable (belonging to the exponential family of Gaussian distributions), E(Y i ) is the expected value for Y i , μ i is the mean of the distribution from the dependent variable, g −1 being the link function (in our case, an identity function with Gaussian distribution), and β 0 β 1 β 2 and β 3 were the estimates of competition. These estimates were treated as the magnitude of competitive effects, which were calculated by maximum likelihood methods and tested for statistical significance by Wald chisquare tests. The 95 % Wald confidence interval was calculated for each estimate. For a significant effect, confidence interval of a parameter estimate should not touch the zero line. By using Spearman's rank correlation test, we also tested whether an absolute value of intraspecific competition changes with an increase in interspecific competition across all seven study sites.
For the third hypothesis, we carried out separate analyses to find changes in the competitive influence on oaks located in inner or peripheral part of groups. Binary logistic regression was used to test the influence of tree position in groups (inner section or periphery) on the occurrence of potential future crop trees. The occurrence of potential future crop trees were estimated by using an effect size called odds ratio. The odds ratio (log transformed) is the ratio of the odds of an event (the presence or absence of potential future crop tree) occurring in one category (e.g. inner section of groups) to the odds of it occurring in another category (e.g. periphery of groups). The values of odds ratio were converted to percentage for getting the rate of occurrences. Another GLM analysis was used to test for the influence of competitive interactions between the type of competition (intra-or interspecific) and the target tree location on the branch-free bole length. Comparisons between the mean DBH and the height of target oaks and competitors of different successional groups were performed by independent sample t tests. As the number of target oaks and competitors inevitably differed, we performed t test with bootstrap re-sampling (10,000 iterations). We used the R 2.14.0 open-source statistical programme for analysis (R Development Core Team 2011).
Results
3.1 Influence of competition on DBH, height, HD ratio and branch-free bole length of target trees
Nest planting
In the four nest planting stands, each target oak had on average two competing trees from either pioneer or mid-and late- Influence of intra-and interspecific competition on oakssuccessional species and four competing oaks (Fig. 1) Table 4 ). The average distance between target trees and competing oaks was about 1 m.
Competitors of pioneer as well as mid-and late-successional trees were located on average 2.08 and 2.18 m from target oak trees, respectively (Table 5) . Aggregate competition from surrounding trees strongly affected DBH and HD ratio of target oaks in the nest plantings. Interspecific competition from mid-and late-successional species had a stronger effect than intraspecific competition. Height of target oaks was neither affected by intraspecific nor interspecific competition (Fig. 2) . In contrast, intraspecific competition significantly increased the length of the branchfree bole, whereas interspecific competition had no effect on this parameter of tree quality (Fig. 2) .
Group planting
On average, each target oak was surrounded by two competing pioneers, one competing tree of mid-and late-successional species and six competing oaks in the group planting stands at Kaisereiche and Lerchenfeld (Fig. 1) . Competition from pioneer species was absent at Altenheim, but target oaks were surrounded by eight competitors from mid-and latesuccessional species as well as six planted oaks (14 competing trees in total). In Altenheim, DBH was significantly higher in target trees than in conspecific oaks and in mid-and latesuccessional competitors. However, it did not vary significantly (p > 0.05) between competing oaks and mid-and latesuccessional trees. In contrast, in Kaisereiche and Lerchenfeld, average DBH of target oaks did not differ significantly (p >0.05) from that of pioneer and mid-and late-successional trees. No significant differences (p >0.05) were found in tree DBH between pioneer and mid-and late-successional trees (Table 4 ). The average distance between target oak trees and other competing oaks within clusters was 1.81 m. Competitors of both pioneer and mid-and late-successional tree species were on average located at 2.09 and 2.14 m distance from target oak trees, respectively (Table 5) .
Height, DBH and HD ratio of target oaks were negatively influenced by aggregate competition from surrounding trees (Fig. 3a, b) . Intraspecific competition significantly reduced DBH and height growth of oaks in the 10-year-old Altenheim group planting. Competition from mid-and late-successional trees, however, had no significant influence. The HD ratio significantly increased with aggregate and intraspecific competition. However, interspecific competition had no significant effect on the HD ratio and, hence, tree stability in Altenheim. In that stand, aggregate competition was positively related to the branch-free bole length; however, intra-or interspecific competition had no significant effect (Fig. 3a) . The observed interaction pattern changed in the two 20-yearold group planting stands at Kaisereiche and Lerchenfeld. Here, intraspecific competition had clearly no significant effect on DBH and height, whereas this may not be excluded for pioneer trees (p =0.0649 for DBH). In contrast, competition Fig. 1 Number of competing trees per target oaks in seven different stands of cluster planting. Thin bar represented a standard error of mean from trees of mid-and late-successional trees had a strong negative influence (higher GLM estimate) on DBH and height growth. However, only intraspecific competition had a significant positive effect on the length of the branch-free bole (Fig. 3b) .
In addition, we found that in absolute terms (Hegyi's index), interspecific competition had a negative relationship with intraspecific competition. As the level of interspecific competition increases, the intraspecific competition decreases (Spearman's correlation=−0.21, p <0.05; F value=4.02, p <0.05, N =247).
Distribution of potential future crop trees within groups
On average, 80 % of the sampled groups had at least one and 50 % of at least two trees that met the criteria for potential future crop trees. At the stand level, the number of potential . The majority (60 %) of these high-quality trees were located in the inner section of groups. This finding was corroborated by the logistic regression analysis, which revealed a significantly higher probability (log odds ratio=0.59, p =0.0014) of occurrence for potential future crop trees in the inner section of groups than in the outer circle of trees (Table 6) .
Using GLM analysis, we tested whether the influence of competitive interactions on attainment of branch-free bole length varied between potential future crop trees located either in the inner or outer sections of groups. Although not statistically significant (p =0.114), intraspecific competition seemed to have a slightly positive influence (positive model estimate β =0.12) on branch-free bole length in potential future crop trees located in the inner section of groups. In addition, interspecific competition showed a significant negative effect on branch-free bole length on oaks in the outer section of groups (Table 7) . Although not statistically significant (p >0.05), competition from pioneer trees, conspecific oaks and aggregate competition was higher in inner oaks than in peripheral oaks, and competition from mid-and late-successional trees was lower in inner oaks than in outer oaks (Fig. 4) .
Discussion
Our study showed that intra-and interspecific neighbourhood competition influenced growth and quality of oaks in nest and Fig. 3 Influence of neighbourhood competition on dependent variables: DBH, height, HD ratio and branch-free bole length of target oaks grown in (a) one 10-year-old group planting stand (Altenheim) and (b) two 20-year-old group planting stands. Impacts of aggregate competition and competition from different plant groups were separately calculated from the Eqs. 1 and 2, respectively (see 'Materials and methods' section and description in Fig. 2) . In Altenheim stand, no competitors were found from pioneer tree species. Thin bars represent a standard error of parameter estimates and should not touch the zero line for a significant effect β log odd ratio, S.E. standard error in 95 % confidence interval, d.f. degree of freedom group plantings in different ways. It appeared that growth of oaks was more strongly influenced by intraspecific competition in Altenheim group planting stand, whereas in two other stands, interspecific competition from mid-and latesuccessional species was most important. Whereas intraspecific competition had a significantly positive effect on branchfree bole length of target oaks in older nest and group plantings, similar effects of interspecific interactions on selfpruning were not observed.
Influence of neighbourhood competition on DBH, height and HD ratio of potential future crop trees
The magnitude of neighbourhood competition on DBH, height and HD ratio varied among conspecific oaks, pioneer and mid-and late-successional trees. This result is consistent with the first hypothesis. In our study, neighbourhood competition was quantified by Hegyi's index for conspecific oaks and trees from different successional groups. We assumed that similar competition indices from different plant species groups would result in different growth responses of target oak trees. In addition to tree size and distance, which are the parameters considered by the competition index, speciesspecific traits such as light absorption, light, water and nutrient use efficiency of species influence competition among trees (Binkley et al. 2013) . Therefore, in cluster planting stands, which present variable mixtures of planted oaks and naturally regenerated pioneer and mid-and late-successional species, the same competition index may result in different responses of target oak trees. Table 7 Influence of spatial location and type of competition on branchfree bole length in potential future crop trees in group plantings. Interaction terms were built between the type of competition and the location of target oak trees (inner section or periphery of groups) in two separate models for intra-and interspecific competitions, respectively. Number of target trees included for this analysis was 79. Here, β refers to model estimate in GLM. For a significant effect, upper or lower limit of the confidence interval for the standard error of β should not reach 0 
Intraspecific competition
Strong intraspecific competition between the closely planted oaks within the nests reduced diameter growth and resulted in more slender trees. The high HD ratios indicate that competition for light became intense and encouraged trees to allocate their resources to height growth rather than to diameter growth, in order to maintain their position in the canopy (Waring and Schlesinger 1985) . This result is supported by a recent metaanalysis, which found poor tree stability in densely planted oak nests compared to more widely spaced oak row plantings (Saha et al. 2012) . The impact of intraspecific competition on tree growth and stability appeared to be stronger in the young Altenheim stand than in older Kaisereiche and Lerchenfeld. The mean height of oaks growing in the 20-year-old submontane Kaisereiche stand was slightly lower than that in the 10-year-old bottomland Altenheim stand. Therefore, faster height growth at Altenheim might have led to earlier canopy closure and thus increased intraspecific competition. However, owing to the lack of replicates for these different ages, this assumption cannot be ascertained in this study.
Compared to the groups, intraspecific competition in nests was more intense, and mortality rates of planted oaks were greater, resulting in fewer trees per cluster over time (Leder 2007; Guericke et al. 2008; Saha et al. 2012) . The resulting continuously high intraspecific competition inside nests strongly affected the DBH and stability of target oaks early on, as reported previously from oak spacing experiments (Gaul and Stüber 1996; Gürth and Velasquez 1991) . The negative impact of intense intraspecific competition on the number of potential future crop trees in nests corroborates findings of a recent metaanalysis by Saha et al. 2012, which showed that the proportion of potential future crop tree was 80 % lower in nests than in group and conventional row plantings, which held approximately 200 future crop trees ha −1 .
Interspecific competition
The DBH of interspecific competitors neither varied between successional groups nor with target oaks; however, magnitude of competitive effects on target oaks varied between successional groups. The negligible influence of pioneer trees on DBH, height and tree stability observed in our results may have resulted from a lower density of such trees, a lower density of their crowns which permits more light to penetrate (Tonioli et al. 2001; McLeod et al. 2001) . Results from previous studies in Central Europe showed that fast-growing early successional trees can exert a strong competition to oaks in young stands (Wagner and Röker 2000; Petersen et al. 2009; von Lüpke 1991; Ammer and Dingel 1997) . In these studies, the neighbourhood competition from naturally regenerated pioneers on oak growth was quantified. Importantly, these analyses focussed only on pioneer trees like birch, aspen and willow and did not separate competition based on successional characteristics of competing tree species. However, in the case of cluster plantings, mixtures of naturally regenerated pioneers, mid-and late-successional trees and planted oaks occurred. Birch is commonly known as a strong competitor to oaks in young stands (Wagner and Röker 2000) . Yet, whether its competitive effect is stronger than that of other pioneer tree species on oak growth has not been studied in a comparative way for the same site and stand conditions. Whether pioneer species like birch exerted a stronger competition when compared to other pioneers (e.g. willow or poplar) on oaks grown in clusters cannot be ascertained by this study because these species did not cover the same gradient of competitive influence at particular sites and across sites.
The mid-and late-successional species (e.g. T. cordata , C. betulus , A. pseudoplatanus , etc.) were often more numerous than individuals of pioneer species. This was reflected in lower average values for the competition index of pioneer species than mid-and late-successional species to target oaks located in inner and outer sections of group planting (see Fig. 4 ). The latter group of species obviously developed dense crowns and reduced light penetration to the middle and lower part of crowns of target oaks. This supports earlier observations that traditional trainer species (e.g. C. betulus or T. cordata ) can reduce growth of oak trees if not controlled (von Lüpke 1998). As a result, the magnitude of the competitive influence from trees of mid-and late-successional species on DBH and height of target oaks in both nest and group plantings was substantially stronger than that of early successional species. Our results support previous studies on tree interactions in dense and young mixed species mixtures which showed stronger competitive effects on target trees by mid-and late-successional tree species than by pioneers (Leder 1996; Ammer et al. 2005) . Interestingly, we found that the magnitude of impact by mid-and late-successional trees on target oaks was apparently higher than aggregate competition, which combined both intra-and interspecific competitions. This is counterintuitive and must be the result of including interactive effects between different tree species groups in our models, although the absolute value of aggregate competition was higher than competition from trees of mid-and late-successional species. Obviously, interactions between intra-and interspecific competitors reduced the overall competitive impact from aggregate competition on target oaks. Although an early tending operation of low intensity had removed some competitors at the periphery of groups in Gerlingen and Lerchenfeld, this may not have had a substantial influence on the overall magnitude of the different sources of competition. First, the tending operations did not target particular species for removal. Secondly, no early tending took place in other sites, where the same results were obtained. Third, regeneration of trees was abundant between the clusters, and the canopy was totally closed at the time of field data collection at all sites (Saha 2012 (Saha , 2013 .
In young stands, pedunculate and sessile oak can tolerate mild competition from pioneer tree species such as B. pendula or may even benefit from nurse effects such as reduced frost or improved nutrient cycling (Leder 1996; Rock et al. 2004 ). However, similar nursing effects on oaks have not been reported for mid-and late-successional tree species. By contrast, the influence of late-successional tree species such as F. sylvatica, C. betulus and A. pseudoplatanus on the growth of oaks appears to be mostly negative once these trees are as tall as oaks or overtop them (Olano et al. 2009; von Lüpke 1998) . This is likely attributable to higher light interception and their more aggressive acquisition of growing space when compared to the early successional species (Pretzsch and Biber 2010) .
4.2 Influence of neighbourhood competition on branch-free bole length of potential future crop trees Aggregate neighbourhood competition did not influence branch-free bole length of potential future crop trees in the young group planting. In young groups, the canopies had only recently closed, and steep-angle branches emerging from the lower stem had not yet been shed. However, intraspecific competition promoted branch-free bole length of target oaks in older group and nest plantings. This is in partial agreement with our second hypothesis. Thus, companion oak trees have an important role for the qualitative development of future crop trees within clusters. Our study did not find a facilitative effect of interspecific competition on the quality of target oak trees. Results from a previous study according to which a sufficient number of naturally established trees between oak nests fostered the qualification of oaks could not be verified here (Dong et al. 2007 ). Why competition from neighbouring trees of mid-and late-successional species affected DBH and height growth without influencing self-pruning dynamics of oaks remains unclear. However, it is reflected in our results that potential future crop trees in the outer part of clusters, owing to the heterogeneous light conditions prevailing there, have a tendency to retain live branches in the lower parts of the stem. This finding supports an earlier assumption by Leder (2007) that oaks located in the periphery of clusters may develop one-sided crowns in the direction of open spaces between the clusters. Another remaining question, as to whether the function of intraspecific competition on the quality development of cluster oaks in low-density plantings could be assumed, at least in part, by interspecific competition, can be further evaluated through the analysis addressing the third hypothesis.
4.3 Influence of within-group position on occurrences of potential future crop trees The higher probability of the occurrence of potential future crop trees in inner than in outer sections of groups is in agreement with the third hypothesis. Trees situated in the inner part of groups experienced mostly intraspecific competition, which has been shown to suffice for the desired crown lift and development of a branch-free lower bole (Fischer 2000) . However, this result indicates that the quality development is restricted or slowed in oak trees that experience more interspecific than intraspecific competition (outer trees of groups). These trees received less aggregate competition when compared to trees experiencing mostly competition from conspecific oaks, because of low density of naturally regenerated competitors and variation in proportion of pioneer vs. midand late-successional trees. This suggests that there is little potential to reduce the number of trees in oak groups to replace outer trees with naturally regenerated trees.
Conclusion and management implications
This is the first study to provide quantitative support for the assumptions made by early proponents of cluster plantings that, owing to the prevalence of intraspecific competition, the improvement in stem quality of oak trees is better, or advances faster, in the inner part of group plantings than in the outer circle (Anderson 1930; Szymanski 1986; Gockel 1995) . On the one hand, the spatial separation of oaks from pioneers and mid-and late-successional trees reduces the impact of interspecific competition. On the other hand, oaks in groups with 1 m 2 of initial growing space per tree do not only protect each other from interspecific competition but also facilitate selfpruning dynamics and tree quality development. In contrast, very close spacing in nest plantings triggers high intraspecific competition leading to early mortality and, hence, the disintegration of nests. Based on this study and a recent study by Saha et al. 2012 , we cannot recommend nest plantings, which may lead to poor growth and high mortality owing to intense intraspecific competition. However, group plantings (with ca. 1×1 m initial spacing between the seedlings), where intraspecific competition had beneficial effects on oak growth can be recommended as an alternative to high-input row planting.
Additional interspecific competition did not offer advantages to the quality development of oaks but negatively affected height and diameter growth. Vigorous trees of early and mid-successional species growing inside or in close proximity of groups, thus, should be removed as part of early standtending operations. The decision to complement oak groups with trainer trees such as T. cordata , C. betulus and F. sylvatica should consider trade-offs between risks and benefits of trainer trees. On the one hand, they may affect growth of oaks as shown in our study. On the other hand, they can reduce competition to oaks from ground vegetation such as black berries, grasses, etc. and thus help to reduce oak mortality (Saha et al. 2012) . Later in stand development, this cohort of shade-tolerant trees will help to suppress the development of epicormic branches in oaks. Thus, trainer trees are not dispensable. However, they may also regenerate naturally between and within clusters or, if not, may be planted at a later stage. In any case, the competition between trainer species and oaks needs to be monitored carefully and, if necessary, controlled through thinning or pollarding.
